Proteus mirabilis was the predominant cause of acute diabetes-associated pyelonephritis occurring spontaneously in male MM mice until they were segregated in a new environment. Thereafter Pasteurella pneumotropica and Streptococcus faecalis emerged collectively as the most common causal organisms, the pyelonephritis became more chronic and Proteus mirabilis iso· lates from faeces and urine produced atypical non-swarming colonies on blood agar plates. This did not account for the reduced pathogenicity of Proteus mirabilisj when MM males were returned to the original environment the pyelonephritis again became acute but was associated with the atypical type of Proteus mirabilis although the normal type was abundant in the environment.
Summary
Proteus mirabilis was the predominant cause of acute diabetes-associated pyelonephritis occurring spontaneously in male MM mice until they were segregated in a new environment. Thereafter Pasteurella pneumotropica and Streptococcus faecalis emerged collectively as the most common causal organisms, the pyelonephritis became more chronic and Proteus mirabilis iso· lates from faeces and urine produced atypical non-swarming colonies on blood agar plates. This did not account for the reduced pathogenicity of Proteus mirabilisj when MM males were returned to the original environment the pyelonephritis again became acute but was associated with the atypical type of Proteus mirabilis although the normal type was abundant in the environment.
The MM mice were Caesarian-derived and cross-fostered shortly before their transfer to the second environment, which probably accounts for their changed microbial status, but the reason for the emergence of the atypical type of Proteus mirabilis is not understood. The acute nature of the male MM pyelonephritis when caused by Proteus mirabilis parallels the situation described in other animals and humans.
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Proteus mirabilis Spontaneous pyelonephritis occurs at high incidence in male MM mice (Taylor & Fraser, 1975) and is precipitated by diabetes mellitus (Taylor, Neal & McBride, 1987) . Although pyelonephritis is not usually regarded as trans- Received 4 October 1986 . Accepted 6 June 1987 missible, it can occur in an apparently epidemic form in cattle (Blood & Henderson, 1960) . To minimize any such risk for our mouse colony, MM mice together with C57BL controls were segregated in a separate room and access was restricted. Although the incidence of urinary tract infection (UTI) remained high in the new environment, the clinical symptoms became less severe and MM males survived to a greater age.
It will be shown in this paper that, while there were major differences in the bacteriology of the pyelonephritis between the two environments, the incidence remained the same for at least 6 years. In a companion publication it is demonstrated that the changes in the microbiology of the disease were accompanied by alterations in the renal histology (Taylor, Fraser & Bruce, 1988) .
Materials and methods

Animal husbandry and environment
The mouse strains maintained and the husbandry procedures used in the main animal accommodation (environment A (EA)) have been described previously (Taylor & Fraser, 1973) . The location to which all MM/Dk and some C57BUFaDk mice were moved (environment B (EB)) was a room within but peripheral to the main animal facilities where the same husbandry procedures applied except that a change of laboratory clothing was required before entry. The EA and EB studies took about 30 months and 40 months respectively. MM and C57BL (control) mice which had died recently or had been killed in extremis were examined routinely. Bladder urine samples were aspirated aseptically. Kidneys were removed aseptically and bisected longitudinally; one half was processed for histological examination as described elsewhere (Taylor & Fraser, 1973) 
Bacteriological and histological examination of bladder urine and kidneys
Results
Bacteriological and histological examination of bladder urine and kidneys
These results are summarized in Table 1 ; Tables 2 and 3 and Streptococcus faecalis var faecalis. Similarly, in urine samples the incidence of Proteus mirabilis was much reduced in EB, and P. pneumotropica and Strep. faecalis were prominent (Table 3 ). In addition, while all isolates of Proteus mirabilis from EA were typical swarming strains on blood agar, only atypical non-swarming strains were isolated from EB. The lack of swarming was not due to unsuspected alterations in the blood agar; non-swarming strains remained so when grown on a variety of other suitable culture media.
The histological data (Table 1) demonstrate that despite the microbiological changes the incidence of pyelonephritis was high and comparable in both environments,
but Table] shows that the age of MMs at death from pyelonephritis was significantly greater in EB (P < 0·01). The detailed differences in renal histology between EA and EB are described elsewhere (Taylor, Fraser & Bruce, 1988) . Although pyelonephritis was seen in one male C57BL, we know that it is rare in C57BLs and our other mouse strains (Taylor & Fraser, 1973) . Pyelonephritis was detected in 5% and 1% of MM females in EA and EB respectively, but the reason for this is unknown because MM females do not suffer from diabetes mellitus (Taylor, Neal & McBride, 1987) .
The relationship between urinary pH and urease-positive bacteria
The presence of phosphate crystals in bladder urine was associated with Proteus mirabilis infection. When urine is rendered alkaline: by the action of bacterial urease, phosphates become insoluble and are deposited as crystals Table 4 shows that infection with Proteus mirabilis resulted in a urinary pH of 9, whereas the range for P. pneumotropica was from 7 to 9 and the control values for Strep. faecalis were from 6 to 7.
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It was possible that the predominance of Pro- Bacteriological study of mouse faeces In humans there is a strong correlation between faecal carriage of Proteus mirabilis and autogenous infection of the urinary tract (de Louvois, 1969) . The common association between pyelonephritis and Proteus mirabilis in EA therefore suggested the possibility that it Because the mean age at death of cases of histologically confirmed pyelonephritis in EA was 328 days, animals between 250 and 350 days old were tested (over a 5 day period). Table 6 shows that MM males had a considerably higher rate than the controls for faecal carriage of Proteus mirabilis (P < 0·001), supporting the possibility that this might contribute to the common association between MM UTI and this bacterium.
The reduced faecal carriage of Proteus by MMs in EB, where Proteus isolates were non-swarming and Proteus UTI is less common, was also significant (P < 0·05). Nevertheless, the normal density of six animals per cage would still have provided general exposure to Proteus in EB, because in the positive cases, the culture plates demonstrated that substantial numbers of Proteus were present.
To ensure that the faecal carriage of Proteus was not a transient phenomenon, 10 MM males with positive faeces at 250 days of age were monitored weekly over the following 100 days. All animals remained excretors of Proteus over this period; three mice were negative for two consecutive weeks, three were negative for 1 week and four remained positive throughout.
Split-population experiment
Because of the striking differences in the microbiology of the UTI between the two environments, some MMs from EB were reintroduced into EA to establish whether the male MM pyelonephritis would revert to the acute form associated predominantly with typical swarming Proteus in EA. A group of 22 MM males with an average age of 43 days (23-57 days) and 34 females with an average age of 49 days (23-105 days) were placed in EA. The control MMs in EB were 37 males with an average age of 46 days (31-105 days) and 23 females with an average age of 48 days (31-66 days). The cages were dispersed throughout the respective environments.
When initiating this experiment, faecal samples from other strains of mice in EA demonstrated that typical swarming Proteus mirabilis was still common in The age structure at death and the renal histological findings are presented in Table 7 , which shows that the incidence of pyelonephritis in the EA males (50%) was not significantly lower (P > 0,1) than that in EB (62%). However, the average age at death of EA pyelonephritics was 250 days compared with the original average of 328 days in that environment.
In contrast, the average age at death of EB pyelonephritics (414 days), in addition to being significantly greater than that of animals in EA (P < 0·001), was also somewhat greater than the average of 392 days observed earlier in EB. (Table 7) indicate as before (Table 1 ) that a proportion of MM females also develop pyelonephritis, but it is not a major contribution to their mortality.
Discussion
The chronic form of the renal disease seen in EB was associated with a much lower rate of detection of bacteria in the kidneys compared with acute EA cases (Table 1) ; a similar difference has been observed in humans (Andersen et al., 1973) . There were also striking differences in renal histology between the acute and chronic MM pyelonephritis (Taylor, Fraser & Bruce, 1988) .
Phosphate crystal deposition in a highly alkaline urine was a feature of the UTI caused by Proteus and was never seen in uninfected urine, demonstrating that this was a consequence and not a cause of infection. This accords with the findings of others (Shapiro, Braude & Siemienski, 1959; Griffith, Musher & Campbell, 1973) and is known to be a consequence of the powerful ureases produced by Proteus species (Senior, Bradford & Simpson, 1980) . These catalyse the rapid breakdown of urea, resulting in highly alkaline urine (Senior, 1983) which may be a contributing factor to the predilection of Proteus for the upper urinary "Mean age at death of pyelonephritics was 250 days and of nonfyelonephritics was 341 days. Mean age at death of pyelonephritics was 414 days and of nonpyelonephritics was 499 days. tract (Fairley et ai., 1971) , perhaps facilitated by mechanical damage due to the accumulation of phosphate crystals. However, the production of a powerful urease does not seem to be the only reason for the affinity of Proteus mirabiiis for the urinary tract (MacLaren, 1966; Philips, 1955) , nor does it relate to high multiplication rates in the bladder (Table 5) .
Whether Proteus or entirely different bacteria dominated, the incidence of pyelonephritis in MM males remained high, reflecting their underlying susceptibility due to their diabetic status (Taylor, Neal & McBride, 1987) . Possible additional genetic factors are suggested by the few MM female cases without accompanying diabetes described in this study and the higher incidence reported elsewhere (Taylor, Fraser & Bruce, 1988) . The greatly diminished role of the non-swarming Proteus mirabilis in MM male UTI in EB was puzzling; it is not known how this organism displaced the swarming variety from the gut flora since the swarming type was always present in EA. It is likely that this occurred following Caesarian derivation and cross-fostering. which was carried out about 6 months before the end of the EA study and the transfer of MM mice to EB.
Although P. pneumotropica was present in both environments throughout this investigation, it is not known why it assumed a new role as a urinary tract pathogen in EB. Typically, P. pneumotropica was associated, in this colony and others (Hoag et ai., 1962) , with relatively mild localized suppurative lesions. During the period of study such lesions became more common, but without any apparent increase in severity. Its appearance in MM male UTI may therefore have been opportunistic because of a greater environment load. It is also possible that the dominant presence of Proteus mirabilis in EA could have swamped access to the urinary tract of less aggressive pathogens like P. pneumotropica.
The split-population experiment showed that MM males transferred back to EA developed UTI, again predominantly associated 33 with Proteus mirabilis. These isolates were all non-swarming, despite the MMs being in close proximity to animals excreting swarming strains, indicating that the non-swarming strain had become part of the 'locked flora' of these mice. Together with the faecal studies ( Table  6 ) this suggests that, as in humans, the bacteria found in UTI have a faecal origin. The earlier average age at death of the EA MM pyelonephritics (Tables 1 and 7) was a consequence of the acute nature of Proteus mirabilis UTI (Braude, Siemienski & Shapiro, 1960; Taylor, Fraser & Bruce, 1988) . However, the average age at death of animals without renal complications is also much lower in EA. One explanation is that a putative factor potentiates the UTI capabilities of Proteus and is also a life-shortening factor in its own right. No confirmation of this theory has been obtained, but a role for anaerobes, mycoplasmae, parasites or viruses has been largely excluded (Taylor, 1983) .
Throughout these studies, control C57BL mice showed no signs of diabetes and only a trivial incidence of UTI. All other strains maintained in the general colony were also free from these problems; while these were not subjected to the same detailed investigation as the C57BLs and therefore do not feature in this study, they were sufficiently investigated for us to be confident of their status.
Since the completion of this work, all our mouse strains including MM have been reestablished as hysterectomy-derived specifiedpathogen-free stocks (Taylor, McConnell & Farquhar, 1986) in new geographically separate barrier-maintained accommodation. Within this environment MM males continue to succumb to pyelonephritis, now caused predominantly by Enterobacter cloacae and Strep. faecalis; these are major components of their controlled faecal flora which excludes Proteus and P. pneumotropica. This supports further the finding that the hyperglucosuric manifestation of MM male diabetes and not some unrecognized factor present in the previous environments is the major precipitating factor
